Abstract: Single and double planar waveguides were fabricated by 2 MeV and 4 MeV He + implantation in ZBLAN. Calculation of ion implantation parameters, cut-off wavelength measurement and near-field detection indicate that ∆n is negative, typically -1x10 -3 .
Introduction
Optical waveguides have been fabricated in a wide variety of materials using ion implantation [1] . A refractive index change is induced by modification of the substrate density, polarisability or structure produced by the radiation damage or the stochiometric changes. In crystalline materials, like quartz or LiNbO 3 , ion implantation produces amorphization of the structure thus reducing the density and decreasing the refractive index. In these materials, ion implanted optical waveguides are obtained by creating barriers of negative index change at the implanted range. However, in silica, ion implantation produces compaction of the glass network resulting in positive refractive index changes of typically 1-2%. In this case, the implanted layer constitutes the optical waveguide. For exemple, low loss channel waveguides have been fabricated by implantion of MeV ions, Ge or H + [2, 3] . In other types of glasses, the refractive index change induced by ion implantation can be either positive or negative.
An interesting feature of ion implanted optical waveguide is that it offers the possibility to bury a waveguide at various depth below the substrate surface by changing the implantation energy [4] . Double implantation thus allow the fabrication of mutlilayer structures like, for example, vertical couplers. Another advantage is the possibility to incorporate active ions (erbium, thulium or neodymium) at desired concentrations [5] . Ion implantation has also been shown to be an effective technique to photosensitized undoped silica [6, 7] . The implanted material then showed a photoinduced refractive index changes of typically 1x10 -3 following exposure to UV laser radiation.
There has been very few reports of ion implantation in fluoride glasses. Optical waveguides were obtained in fluoroaluminate glasses implanted with MeV He + ions, but the small index difference between the guiding layer and the barrier resulted in a poorly confined waveguide [1] . More recent experiments on fluorozirconate glasses have focused on the surface modification and optical transmission losses [8] . Furthermore, observation of photosensitivity in fluoride has been reported but it seemed to be linked to the presence of the cerium dopant [9] . Fabrication of optical waveguides by ion implantation therefore appears a promising approach to realize a photosensitive waveguide structure in these glasses. Heavy metal fluoride glasses are attractive materials for amplifiers and laser hosts since they present low phonon energy and consequently lower non radiative decay rates that silica.
In this paper, we report on the fabrication and optical characterization of the waveguides obtained in ZBLAN glasses by He + implantation at 2 MeV and 4 MeV. The near field output is measured as a function of wavelengths. The optical loss is evaluated from the scattering light measurement. An estimate of the refractive index change is obtained from the cut-off wavelength measurement and by using the propagation-mode near-field method. The position of the implanted barrier is compared to the results of TRIM calculations and the reconstructed refractive index profile is analyzed with beam propagation simulations.
Waveguide fabrication
Bulk ZBLAN glass (53%ZrF 4 -20%BaF 2 -4%LaF 3 -3%AlF 3 -20%NaF) samples were prepared using the standard melt and cast technique and cut to dimensions of 0.5 x 1.5 x 1.5 cm. The samples were placed in a vaccum chamber at 10 -6 Torr and implantation of He + ions was carried out using a Van de Graaff accelerator. In order to ensure homogeneous irradiation and to avoid damaging the ZBLAN glass, a sine mechanical scanning device was used. This also provided a means to disperse the ion charge, that can cause deflection of the incoming ion beam, and to disperse the heat from the high-energy ion beam, that can cause sample fracture in the glass due to its high thermal expansion of 17.5×10 -6 /K and low thermal conductivity of 0.4 W/m-K. In the first implantation experiment (sample 1), 4.0 MeV He + ion implantation with a current density of about 0.2 µA/cm 2 was carried out with a dose of 1×10 16 ions/cm 2 into the ZBLAN glass. In order to define two layers of refractive index change, a second sample (sample 2) was implanted with energies of 4.0 MeV and 2.0 MeV, a current density of about 0.2 µA/cm 2 and a dose of 2×10 15 ions/cm 2 . It should be noted that samples exposed to higher beam density of 2 µA/cm 2 were damaged by the implantation; broken and melted at the surface. The longitudinal range and straggling of the 2 MeV and 4 MeV ions were calculated using the Monte Carlo simulation package TRIM92 (Transport and Range of Ions in Matter) yielding values of respectively 5.0 µm range (245 nm straggling) and 11.0 µm range (354 nm straggling).
Optical characterization
The optical properties of implanted samples such as optical losses, cut-off wavelengths of guided modes, and near field optical intensity distributions, were characterized. The experimental setup to observe the optical mode profiles consisted of several laser sources (0.6328 µm, 0.78 µm, 0.80 µm, 0.85 µm, 0.98 µm, 1.06 µm, 1.3 µm and 1.5 µm), microscope objectives, cameras (vidicon camera for infrared (IR) light and a CCD camera for visible wavelengths), camera controller with an A/D converter or a frame grabber, and a computer. The optical loss of sample 1 was measured at 632.8 nm by side imaging of the scattered-light with the CCD camera. For the loss measurement, two cylindrical lenses were added before the coupling setup to expand the incident beam and reduce its lateral divergence in the waveguide.
The optical near field of sample 1, under TE excitation, showed that a single-mode waveguide was obtained. The guiding region, with thickness of about 8.8 µm, was located just beneath the surface. Comparison with the TRIM results confirms that the refractive index change, ∆n, at the implantation range is negative. The guided light is therefore confined between the surface and the implanted layer. It was observed that the fundamental mode of the resulting asymmetric optical waveguide was cut-off for wavelengths longer than 1 µm. The refractive index change can be estimated from the cut-off wavelength by assuming a three layer slab waveguide giving a ∆n between -2.6×10 -4 and -4.6×10 -4 . The optical loss measurement at 632.8 nm gave a value of 1.8 dB/cm. The TE mode optical near-field output of sample 2, measured with at 0.6328 µm, is shown in Fig.1a . The recorded image clearly displays an optical intensity minimum at a depth of 5.1 µm corresponding to the longitudinal range of the 2 MeV ions calculated with TRIM (5 µm). The guided light is confined in a total thickness of approximately 10 µm in accordance with the calculated longitudinal range of the second implanted layer at 4 MeV (11 µm). The guided modes were also examined at wavelengths of 0.85 µm, 0.98 µm, 1.06 µm, 1.3 µm and 1.5 µm. Optical output corresponding to two independent waveguides were clearly found at wavelengths up to 0.98 µm. Broadening of the guided mode was observed for longer wavelengths. It also appears that the top waveguide (between the surface and the first barrier) layer was cut-off around 1.06 µm, while the bottom waveguide, having a symmetric structure, supported the propagation of a fundamental mode at all wavelengths. From the cut-off wavelength of the top waveguide, the refractive index change was estimated to be approximately -1×10 -3 .
Many methods exist to reconstruct the refractive-index profile of a gradient index waveguide including, for example, inverse WKB and the propagation-mode near-field method. The first method requires the measurement of the effective refractive indices of a multimode waveguide while the latter requires that the waveguide be weakly guided and single mode. In our experiment, the lower waveguide of the double implanted sample meet the conditions of the propagation-mode near-field method. The derivation of the theoretical expression relating the refractive-index change to the near-field intensity I(x) can be found elsewhere [10] [11] . In the case of a negative index change, the refractive index profile can be obtained from: It should be noted that, on the graph, the origin of the distance axis is arbitrary. The index change is therefore found to be of the order of -5x10 -3 . The refractive index change obtained by the near-field propagation method is slightly higher than the value estimated form the cut-off wavelength measurement. In the latter case, the model assumes that the waveguide is made of three uniform layers which is a crude approximation in the case for ion implanted waveguides. The effect of an index gradient was examined using a commercial beam propagation software. The refractive index barriers were approximated by a five-layer three-step index profile, that is, each step had an index difference of ∆n/3 with a thickness of 1/3 FWHM. To obtain a cut-off wavelength of the top waveguide between 0.98 µm and 1.06 µm, the refractive index change calculated with BPM was -1.5×10 -3 .
Conclusion
Planar waveguides in ZBLAN glass were fabricated by implantation of He + ion with energies of 2 MeV and 4 MeV. Optical barriers of negative refractive index change were formed at respective depths of 5 µm and 10 µm in agreement of the calculation of the ions longitudinal range. Planar single-mode waveguides were obtained with a cut-off wavelength near 1 µm for the asymmetric waveguides. From cut-off wavelength measurements and optical near-field measurements, the refractive index change was estimated to be approximately -4x10 -4 for a dose of 1×10 16 ions/cm 2 and of the order of -2x10 -3 for a dose of 2×10 15 ions/cm 2 . The reason why higher index change occurs at a lower dose has not yet been identified. The optical loss of the waveguides was typically 1.8 dB/cm. The study of photosensitivity of ion implanted waveguides in ZBLAN is in progress.
